This paper proposes a dynamic anti-windup (AW) compensation scheme for linear control systems with saturating actuators. Perfect tracking is achieved using preactuation and a dynamic compensator controlling the reset windup phenomenon. Two performance indices are considered and an example is included to illustrate the effectiveness of the proposed method.
Introduction and Motivation
Industrial processes impose nonlinear limits on their process variables, while linear design techniques assume that there are no such limits. All physical systems need actuators for achieving control and these are subject to saturation. When this happens the feedback loop is effectively broken and if a controller with an integrator is used the error will continue to be integrated. The value at the output of the controller can become very large and often degrades the closed-loop performance in the form of large overshoot, long settling time and sometimes even instability. The phenomenon described is called "windup".
In [7] the importance and the effectiveness of the preaction for solving the output tracking problem in nonminimum phase systems is emphasized. The importance of the preview control is well known in industrial applications, where it is often possible to know the reference signal in advance. The perfect output tracking is an ambitious objective for every system and recently, since the end of the sixties, has been pointed out in connection with optimal tracking. More recently perfect output tracking has been proposed for nonlinear systems in [5] and in [7] for linear systems.
When these ideas are applied in practical systems real actuators degrade the theoretically predicted performance. This means that the efforts for achieving perfect tracking could be wasted in the presence of saturating actuators if an adequate anti-windup scheme is not used. This paper suggests a way to resolve this problem in the case of linear time invariant (LTI) systems, and at the same time proposes a complete scheme ( fig. 3 ) for reducing deterioration caused by windup phenomenon. The anti-windup scheme is independent from the preaction but obviously the feedforward control improves performances. The approach is similar to other formulation of the anti-windup problem in control systems [4, 9, lo] . It consists of recognizing the presence of windup and of finding a feedback compensator able to reset the integrator to a 'normal' value.
Perfect Tracking Using Preaction
The control philosophy illustrated in fig. 1 is based on a feedforward compensation scheme which was recently presented in [7, would be unstable, thus it is not feasible and the structure of the feedforward compensator should be more involved. In particular in [7, 61 it was proved that the effect of the unstable component is equivalent to a free response of the plant and can be regarded as a initial condition. Thus it will be sufficient to take the plant to this initial condition with a preaction signal which maintains the output identically zero. For achieving this it is necessary to know the reference signals with 0-7$03-4104-~9$/$10.00 01998 IEEE for an infinite time in advance. Fortunately it i s always possible to approximate that initial condition, the precision of the approximation depends on the preaction time tpre and will be improved for larger t p r s . Moreover, in [7] it was proved that with a special choice of K ( s ) it holds a) Ile(t)II 4 0 as tpre -+ --M
Perfect Anti-Windup
Consider the scheme in fig. 2 and assume that, except for saturating actuators, the system is LTI. According to techniques for designing K ( s ) based on preaction [7, 61, the perfect tracking or almost perfect tracking is achieved also for non minimum phase plants. Unfortunately such those techniques work only without saturation. When saturation occurs, perfect tracking is lost and corrective design action is needed. The method presented in this paper consists of recognizing the windup phenomenon and then adjusting error e(t) so that the controller C(s) is not affected by saturation. For achieving the goal it will be enough to feed back a dynamic controller N ( s ) in the coriventional anti-windup (CAW) scheme of fig. 3. 
Problem Formulation
The classical anti-windup schemes, normally developed for PI or PID controllers, involve turning off the integral action in the presence of saturation. This paper is focused on the control system with preaction, saturating actuator and anti-windup presented in fig. 3 In what follows the problem of minimizing the cost functions J1 and 52 over the feasible controller N ( s ) is investigated.
Feedback Compensator
This section deals with the cost function weighting the output of controller C(s). A few assumptions are necessary for solving the minimization problem the compensator N ( s ) :
A l ) The plant P ( s ) is stable, strictly proper and with-
A2)
The closed-loop System of fig. 1 is stable.
A3)
The initial condition of the plant is zero.
out zeros on imaginary axis.
Proposition 1
Consider the scheme shown in fig. 3 . Under assumptions Al-A3, the global minimum 5 1 =
of the performance index in eq. (1) is obtained for N ( s ) = P(s).
Proof: The proof is straightforward. It starts from re-writing the performance index in the Laplace domain according to the Parseval Theorem. 
P ( s ) , respectively. Moreover, let F(t), K ( t ) and N ( t )
be the impulse responses of the filter f (s), the preaction K ( s ) and the compensator N ( s ) , respectively.
With reference to fig. 3 , the dynamics of the plant is
and the dynamics of the compensated controller [8] z
c ( t ) F f c + G[B(t) + N ( t ) * (ii(t) -i@,(t))]

k ( t ) = H Z , + L6(t) + K ( t ) * r ( t ) e(t) = 3 ( t ) * r ( t ) -c(t)
Next proposition shows how to minimize index J2 (2). 
Proposition 2 Under the hypothesis A1-A3 the dynamic compensator N ( s )
=
Proof: (2) can be rewritten as
By Parseval Theorem, the performance index From the (3) and (4) the state of C(s) in the control scheme of fig. 3 is
F ( t ) * T ( t ) -Csp(t) + N(t)* [c(t) -(I(i,(t) + L(F(t) * r ( t ) -cZ.,(t)) + x(t) * r ( t ) and its Laplace transform ( N ( s ) = P(s))
As regards the state of C ( s ) in the scheme without saturation of fig. 1 , we obtain
The sufficiency is trivial. The necessary part of the proof follows by independence of e(.) and U ( s ) . Since X, depends only on R(s), X , = X c only if the coeffi-
Concerning the meaning for L = 0 we can observe that our control system does a correction on the input of the regulator C(s) as in CAW and it does not correct directly the state as in [9] .
R e m a r k Finally as regards stability, it should be remarked that normally it is a serious problem when the controller by itself is not stable, but not in this case where the compensator provides a perfect 'turn off' of the controller. It is easy to show that the system depicted in fig. 3 is BIB0 stable directly from the fact that the plant is stable, the closed loop system is stable, the sat(us(t)) is a bounded function and N ( s ) provides limitations on the output of the controller even if this were unstable.
Example
In this section one example is shown to demonstrate the effectiveness of the proposed method depicted in fig. 3 .
Example: Consider the following plant 
The feedforward action is selected according to [6] . The input is set to a ramp of speed O.l/sec saturated at amplitude equal to 1, the saturation level of the actuator is equal to 10.681 and the preaction time is set to tpre = 5 sec. Fig. 4 depicts the performance of the closed loop system without saturating actuator. Fig. 5 depicts the performance of the closed loop system with saturation of actuator but without anti-windup compensator. Fig. 6 depicts the performance of the closed loop system with actuator saturation and with anti-windup compensator. It is easy to see how the introduction of the saturating actuator deteriorates significantly the performance (large overshoot and long settling time) if compared with expected linear performance. A dynamic anti-windup compensation method is proposed. In particular we considered the scheme that guarantees the perfect tracking using preaction because in this case the windup phenomenon could destroy completely the results achieved. The anti-windup compensator is based on the model of the controlled plant.
Conclusions
